Uncovering Weyl Fermions in the Quantum Limit of NbP by Modic, K. A. et al.
Uncovering Weyl Fermions in the Quantum Limit of NbP
K. A. Modic,1 Tobias Meng,2 Filip Ronning,3 Eric D. Bauer,3 Philip J. W. Moll,1 and B. J. Ramshaw4
1Max-Planck-Institute for Chemical Physics of Solids, Dresden, Germany 01187.
2Institut fu¨r Theoretische Physik, Technische Universita¨t Dresden, 01062 Dresden, Germany.
3Los Alamos National Laboratory, Los Alamos, NM, USA 87545.
4Laboratory of Atomic and Solid State Physics, Cornell University, Ithaca, NY, 14853.
(Dated: February 23, 2018)
The Fermi surface topology of a Weyl semimetal
(WSM) depends strongly on the position of the
chemical potential. If it resides close to the
band touching points (Weyl nodes), as it does in
TaAs, separate Fermi surfaces of opposite chirality
emerge, leading to novel phenomena such as the chi-
ral magnetic effect. If the chemical potential lies too
far from the nodes, however, the chiral Fermi sur-
faces merge into a single large Fermi surface with
no net chirality. This is realized in the WSM NbP,
where the Weyl nodes lie far below the Fermi en-
ergy and where the transport properties in low mag-
netic fields show no evidence of chiral Fermi sur-
faces. Here we show that the behavior of NbP in
high magnetic fields is nonetheless dominated by the
presence of the Weyl nodes. Torque magnetometry
up to 60 tesla reveals a change in the slope of τ/B at
the quantum limit B? (≈ 32 T), where the chemical
potential enters the n = 0 Landau level. Numerical
simulations show that this behaviour results from
the magnetic field pulling the chemical potential to
the chiral n = 0 Landau level belonging to the Weyl
nodes. These results show that high magnetic fields
can uncover topological singularities in the underly-
ing band structure of a potential WSM, and can re-
cover topologically non-trivial experimental prop-
erties, even when the position of the chemical po-
tential precludes their observation in zero magnetic
field.
Clear classification schemes have been put forward
that unambiguously identify the topological character
of a material from its electronic structure [1, 2]. Mate-
rials with bulk band gaps can be classified according to
these schemes through the observation of topological
surface states—topological insulators provide a prime
example of this. The experimental situation in gapless
topological systems is more complicated: depending
on the position of the chemical potential, the topolog-
ical band crossings may coexist with trivial quasipar-
ticles or may lie too far from the chemical potential
FIG. 1. The Fermi surface of a Weyl semimetal. With
the chemical potential sufficiently close to the nodes (a), the
left and right-handed Weyl nodes form separate chiral Fermi
surfaces (green and purple arrows indicate a source and sink
of Berry flux). When the chemical potential lies above the
saddle point the two chiral Fermi surfaces merge into a single
surface with no net flux (b).
to be observed. This renders many potential Weyl or
Dirac semimetals unsuitable for the study of bulk Weyl
or Dirac Fermions.
Figure 1 provides an intuitive example of how finely-
tuned energy scales can determine the topological char-
acter of a WSM. When the chemical potential is suf-
ficiently close to the Weyl nodes there exist separate
Fermi surfaces of opposite chirality, ensuring the ex-
istence of Fermi-arc surface states [3] and of the chiral
magnetic effect [4–6]. A small shift in the chemical po-
tential, however, merges the chiral Fermi surfaces and a
larger, achiral Fermi surface appears. The Chern num-
ber of the resulting Fermi surface is zero, and thus the
system will exhibit “topologically trivial” experimental
properties despite the topology of its underlying band-
structure. These include a lack of the chiral magnetic
effect, and zero Berry phase in quantum oscillation ex-
periments.
Sensitivity to the fine-tuning of the chemical po-
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2tential is prevalent in the inversion-symmetry broken
Weyl-semimetals (Ta,Nb)(As,P) [7, 8]. As the spin-
orbit interactions in these materials are small compared
to overall electronic bandwidths, their Weyl nodes are
not well-separated in momentum space and the energy
barrier between them is only a few 10s of meV. Pho-
toemission experiments find evidence for Weyl Fermi
arcs in TaAs [9] and NbAs [10], indicating that the
chemical potential is close to the nodes (Figure 1a).
In the isovalent and isostructural phosphides, however,
the chemical potential appears to be positioned such
that the Weyl nodes are encompassed by a single Fermi
surface [11]. With zero net quasiparticle chirality, the
phosphides have been argued to be topologically trivial
[12] (Figure 1b).
Applying a strong magnetic field introduces a new
energy scale—the cyclotron energy—which modifies
the electronic structure into Landau levels (LLs). Even
states not located at the Fermi level, and thus invisi-
ble to most zero-field properties, contribute when the
cyclotron energy is of order their distance from the
chemical potential. Here we show how NbP, despite its
achiral character in zero field, exhibits signatures of the
underlying topological band structure in its magnetism
in high magnetic fields. Figure 2 shows the magnetic
torque τ divided by magnetic field
(
~M× ~B/| ~B|
)
of
NbP at multiple field orientations and temperatures.
The torque follows the expected B2 dependence at low
fields, overlayed by strong de Haas-van Alphen oscil-
lations. At base temperature this behavior continues up
to the field B?, at which point a sharp kink and sudden
decrease in torque is observed.
The Fermi surface of NbP consists of four sec-
tions: two nested sickle-shaped electron pockets, and
two nested banana-shaped hole pockets [13]. Torque
measures the anisotropy of the Landau diamagnetism
from each Fermi surface. Because each Fermi pocket
is replicated symmetrically around the Brillouin zone
such that time reversal symmetry is preserved, torque
disappears with the field applied along a crystallo-
graphic direction. With the field applied near the cˆ-
axis the quasiparticles form “belly” cyclotron orbits
around both the electron and hole Fermi surfaces. The
last quantum oscillation occurs at 32 tesla [14]—this is
known as the quantum limit, where the chemical poten-
tial enters the n = 0 LL. The quantum limit coincides
with the kink-field B?, and this field scale increases as
the magnetic field is titled away from the c-axis (Fig-
ure 2a).
a
b
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FIG. 2. Magnetic torque of NbP. Panel a shows the angle
dependence of τ/B at T = 4 K. The angle θ is defined as
the angle between the crystal c-axis and one of the tetragonal
a-axes. We plot versus B cos θ to show that the quantum
oscillation frequencies scale roughly as 1/ cos θ at low angle,
consistent with the previously-determined ellipsoidal Fermi
surface geometry of NbP [11, 13]. B?, the field where the
slope of τ/B changes sign, tracks the angle dependence of
the quantum limit. (b) With field applied 20◦ away from the
cˆ-axis we measure the temperature dependence of τ/B from
4 to 200 K. B? increases with increasing temperature (grey
band) and is still visible even at 200 K.
The energy of the n = 0 LL in a trivial parabolic
band increases linearly with magnetic field, dispersing
as
E0 =
1
2
h¯
eB
m?⊥
+
h¯2k2z
2m?z
, (1)
3where m?⊥ is the orbitally-averaged cyclotron mass
perpendicular to the magnetic field, and m?z and kz
are the mass and momentum along the field direction.
In Weyl systems, on the other hand, each node has an
n = 0 LL that is field independent and disperses lin-
early in kz:
E0 = ±h¯vzkz, (2)
where vz is the Fermi velocity along the field direction
and the positive (negative) sign denotes the right (left)
Weyl node. It was previously shown that a change in
slope of τ/B at the quantum limit is associated with
the chemical potential moving to the field-independent
n = 0 LL [15]. This is because, while the n > 0 LLs
in both trivial and Weyl systems are field-dependent,
the n = 0 LL of Weyl systems is field-independent. As
magnetization (proportional to τ/B) is the derivative
of the free energy with respect to magnetic field, there
is a qualitative difference between trivial and Weyl sys-
tems at the quantum limit. Here, a sharp change in
torque is associated with the loss of competition be-
tween field-dependent n > 0 and field-independent
n = 0 LLs. This phenomenon has been observed in the
closely related Weyl semimetal NbAs, where separate
Fermi surfaces exist for left- and right-handed Weyl
Fermions in zero magnetic field [15].
In NbP, the chemical potential lies above the sad-
dle point separating the Weyl nodes at zero magnetic
field (Figure 1b). The fact that we observe a change
in slope in τ/B at B? signifies that the magnetic field
shifts the chemical potential to the chiral n = 0 Lan-
dau level above the quantum limit. We find that B?
is still visible at 200 K, but has shifted to higher mag-
netic field (Figure 2b). We understand the increase in
B? with temperature as the thermal population of the
diamagnetic n = 1 Landau level, which competes with
the n = 0 Landau level. The temperature dependence
of B? is also confirmed in our numerical calculations
(Figure 5).
We model our data using a time-reversal symmet-
ric Weyl band structure whose chemical potential is
above the saddle point in zero magnetic field. To an-
alyze the dependence of the magnetization (∝ τ/B)
on magnetic field strength and temperature, we employ
a minimal tight-binding model with two atoms per unit
cell [16]. Denoting the physical spin by σ and the sub-
lattice pseudospin by τ , the zero-field Hamiltonian is
given by H =
∑
k Ψ
†
kHkΨk with
Hk = λx sin(kxa)σx1τ +
∑
j=y,z
λyz sin(kja)σj1τ
+M(k)σxτx − µ1σ1τ , (3)
where Ψ†k = (c
†
k,↑,+, c
†
k,↓,+, c
†
k,↑,−, c
†
k,↓,−) contains
the creation operators for electrons of momentum h¯k
and spin σ =↑, ↓ on sublattice τ = ±, and M(k) =
m+m′(2− cos(kya)− cos(kza)) controls the separa-
tion of the Weyl nodes. In these expressions, λx, λyz ,
m, and m′ denote different hopping energies, a is the
lattice constant, and µ is the chemical potential. This
model has time-reversal symmetry T = Kiσyτz (K de-
notes complex conjugation). In the remainder, we fo-
cus on the regime 2m′ + m > λx > m > 0, in which
the low-energy physics is due to four Weyl nodes on
the kx-axis. For λyz  λx, they are described by the
expansion of the Hamiltonian to linear order in ky and
kz ,
Hk ≈ λx sin(kxa)σx1τ +mσx τx
+
∑
j=y,z
λyz a kj σj1τ − µ1σ1τ (4)
We now calculate the Landau levels for a magnetic
field applied along the x-axis (the field strength is mea-
sured in units of B0 = h¯λ2x/λ
2
yza
2e). The total free
energy is then computed at fixed quasiparticle density
by adjusting the chemical potential accordingly as a
function of magnetic field. This corresponds to the
physical situation in a three dimensional metal, where
charge neutrality constrains the number of carriers and
the chemical potential oscillates with magnetic field.
The quasiparticle number is given as the number of
occupied single-particle states above E = 0 in both
time-reversal partner sectors combined, plus a constant
corresponding to the filled valence band (this constant
is independent of the magnetic field because the two
time-reversal partner sectors have particle-hole sym-
metric spectra).
Figure 4 shows that the chemical potential is roughly
constant at small fields, with quantum oscillations ap-
pearing as the chemical potential adjusts to keep carrier
number fixed. Beyond B?, the field strength at which
the n = 1 Landau level is depopulated at zero temper-
ature, the large degeneracy of the n = 0 LL allows it
to accommodate all quasiparticles. While the energy
of the n = 0 LL is field-independent, its degeneracy
increases linearly in B, pulling the chemical potential
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FIG. 3. Landau levels for one sector. Landau level spec-
trum of one of the two time-reversal partner sectors in our
tight-binding model as a function of the (shifted) wave num-
ber qx = kx + pi/2 for a magnetic field of amplitude B =
0.001B0 along the x-direction (where B0 = h¯λ2x/λ2yza2e).
At zero field, the model features Weyl nodes at qx = ±0.5
and zero energy. The dotted horizontal line indicates the sad-
dle point energyESP. The spectrum of the time-reversal part-
ner is particle-hole symmetric to this one.
toward the Weyl nodes at E = 0 as B → ∞ (Fig-
ure 4a).
We compute the magnetization as the field derivative
of the free energy,M = − dFdB . The n > 0 LLs increase
in energy with increasing field, contributing a diamag-
netic response to the magnetization. The n = 0 LL,
on the flip side, contributes a paramagnetic response
as the chemical potential moves towards E = 0 in the
quantum limit. As a result, the slope of the magneti-
zation changes sign when the system enters the quan-
tum limit, see Fig. 5a. When the temperature increases,
we observe a shift of the final maximum toward larger
fields due to the thermal population of the n = 1 Lan-
dau level. Both the field dependence and the tempera-
ture dependence of the computed magnetization are in
good agreement with the experimental data.
This behavior can be contrasted to the magnetization
of a free electron gas with parabolic dispersion. The
large degeneracy of the LLs again implies that when
the total carrier density is held constant, all quasiparti-
cles bunch at the bottom of the n = 0 LL at large fields.
Because the energies of all parabolic LLs (including
the n = 0 LL) increase with field, however, the energy
density is now asymptotically given by  = ρh¯ωc/2,
a
b
FIG. 4. Magnetic field dependence of the chemical poten-
tial in a Weyl semimetal. Panel a shows field dependence
of the chemical potential. At zero field, the Weyl nodes are
located at zero energy, and the horizontal dashed line indi-
cates ESP, the saddle point energy above which the Fermi
surface encloses an equal number of nodes of each chirality
(the topologically trivial regime). At large fields, the chem-
ical potential is located within the n = 0 Landau level, and
approaches µ(B) = pi2ρvF /B (where ρ is the quasiparticle
density, and vF denotes the Fermi velocity, this is shown by
the dotted line). Panel b is a zoom into the low-field region.
The curved dotted lines depict the energies of the bottoms of
the higher Landau levels with n = 1 through n = 7.
where ωc = eBm? is the cyclotron frequency and ρ is
the quasiparticle density. In stark contrast to the ex-
perimentally observed behavior in NbP, the large-field
magnetization for a trivial band approaches a constant
finite value.
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b
FIG. 5. Simulated magnetization of Weyl Fermions and
trivial quasiparticles. Panel a depicts the magnetization as
a function of field for different temperatures. While the mag-
netization (which is proportional to τ/B) increases at small
fields due to the diamagnetic contribution of the n > 0 Lan-
dau levels, it decreases when the chemical potential enters
the n = 0 Landau level. As the temperature is increased the
magnetization is washed out, and the field at which the last
peak occurs, B?, shifts to larger values. Panel b contrasts
this with the magnetization of trivial Landau levels, which
approaches a finite and constant value at large fields (here,
magnetic fields are measured in units of B˜0 = 2E˜0m⊥/h¯e
and the chemical potential at zero field is µ = 0.06 E˜0, where
E0 are units of energy).
Weyl Fermions exhibit unusual transport and optical
properties due to the chiral anomaly [4–6, 17, 18] and
the mixed axial-gravitational anomaly [17, 19], and are
the starting point for several predicted chiral states of
matter [20–23]. Metals hosting Weyl nodes ought to be
relatively common: in three dimensions the band cross-
ings that give rise to linear energy-momentum disper-
sions do not require the fine tuning that they require in
two dimensions [24, 25]. Like NbP, several candidate
materials have the chemical potential crossing far from
the Weyl nodes forming topologically trivial Fermi sur-
faces in zero magnetic field. We have shown that high
magnetic fields can be used to shift the chemical poten-
tial to the fully chiral n = 0 Landau level in the quan-
tum limit, greatly broadening the number of systems
where Weyl Fermions can be studied in practice. The
same high magnetic fields also increase the Coulomb
interaction between quasiparticles (generally weak in
semimetals due to their high Fermi velocities), driving
these systems closer to new symmetry-breaking or in-
teracting topological states of matter.
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